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ABSTRACT 
 
Advances in the productivity calculation of casedhole, perforated completions culminated in the devel-
opment of semi-analytical solutions by Karakas and Tariq (1991).  The industry has enjoyed the use of 
these correlations for nearly 20 years and the solutions are utilised in most modern well performance 
software.  In subsequent years, finite element methods, computational fluids dynamics solvers and com-
puter hardware have advanced considerably, thus leading to a reduction in the computational cost of nu-
merical simulations.  Unlike Karakas and Tariq, and many before them, it is now possible to construct 
large, detailed, fully three-dimensional, well performance models that run at a fraction of the speed.   
The objective of this work is to construct fully three-dimensional models to simulate flow into cased-
hole, perforated wells.  The results are then compared to the semi-analytical solutions of Karakas and 
Tariq over a range of perforating and reservoir parameters.  The study is extended to perform a prelimi-
nary investigation into a number of problems which are either simplified (eccentred gun) or not currently 
addressed (openhole perforations) in perforation productivity software.  The numerical models are also 
used to determine the applicability of single-shot, laboratory core flow tests to downhole conditions. 
Comparisons of the productivity index from laboratory and downhole geometries reveal that the axial 
flow geometry is relatively insensitive to the presence of a perforation damaged zone.  Similar to the ob-
servation of previous studies, (Deo et al. 1989), the productivity index of perforating systems with low 
shot density and phase angle is more like radial-axial flow.  The results for high shot density and high 
phase angle systems are more similar to axial flow geometry.   
The results of this study also indicate that the semi-analytical solutions of Karakas and Tariq are accu-
rate over a wide range of parameters.  In general, differences of +/- 2% in productivity ratio are observed 
when compared to the numerical results.  The simulation model yields productivity ratios of up to 10% 
higher than the semi-analytical solutions for highly anisotropic reservoirs (kV/kH=0.01).    Discrepancies 
of +6-8% in PR are also found in isotropic reservoirs when perforations terminate inside the drilling 
damaged zone.  The eccentred gun model shows that an error of up to -32% is observed if the current 
simplified calculation is used.  This example is for a 6 shots per foot (spf), 60° phasing gun with 
kdd/k=0.1. 
Simulation results from openhole perforations indicate that when clean, 6 spf, 60° perforations extend 
past the drilling damaged zone, the productivity of a well can increase as much as two-fold compared to 
the equivalent openhole completion.  In their present form, the current semi-analytical solutions for 
casedhole perforation productivity cannot be applied to openhole perforations.  The casedhole perforation 
correlations are not valid when flow enters the wellbore across the openhole section as well as through 
the perforation tunnel.  This primarily occurs at low perforation shot density, when a perforation damaged 
zone is present and in anisotropic reservoirs. 
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Abstract 
Advances in the productivity calculation of casedhole, perforated completions culminated in the development of semi-
analytical solutions by Karakas and Tariq (1991).  The industry has enjoyed the use of these correlations for nearly 20 years 
and the solutions are utilised in most modern well performance software.  In subsequent years, finite element methods, compu-
tational fluids dynamics solvers and computer hardware have advanced considerably, thus leading to a reduction in the compu-
tational cost of numerical simulations.  Unlike Karakas and Tariq, and many before them, it is now possible to construct large, 
detailed, fully three-dimensional, well performance models that run at a fraction of the speed.   
The objective of this work is to construct fully three-dimensional models to simulate flow into casedhole, perforated wells.  
The results are then compared to the semi-analytical solutions of Karakas and Tariq over a range of perforating and reservoir 
parameters.  The study is extended to perform a preliminary investigation into a number of problems which are either simpli-
fied (eccentred gun) or not currently addressed (openhole perforations) in perforation productivity software.  The numerical 
models are also used to determine the applicability of single-shot, laboratory core flow tests to downhole conditions. 
Comparisons of the productivity index from laboratory and downhole geometries reveal that the axial flow geometry is 
relatively insensitive to the presence of a perforation damaged zone.  Similar to the observation of previous studies, (Deo et al. 
1989), the productivity index of perforating systems with low shot density and phase angle is more like radial-axial flow.  The 
results for high shot density and high phase angle systems are more similar to axial flow geometry.   
The results of this study also indicate that the semi-analytical solutions of Karakas and Tariq are accurate over a wide 
range of parameters.  In general, differences of +/- 2% in productivity ratio are observed when compared to the numerical re-
sults.  The simulation model yields productivity ratios of up to 10% higher than the semi-analytical solutions for highly anisot-
ropic reservoirs (kV/kH=0.01).    Discrepancies of +6-8% in PR are also found in isotropic reservoirs when perforations termi-
nate inside the drilling damaged zone.  The eccentred gun model shows that an error of up to -32% is observed if the current 
simplified calculation is used.  This example is for a 6 shots per foot (spf), 60° phasing gun with kdd/k=0.1. 
Simulation results from openhole perforations indicate that when clean, 6 spf, 60° perforations extend past the drilling 
damaged zone, the productivity of a well can increase as much as two-fold compared to the equivalent openhole completion.  
In their present form, the current semi-analytical solutions for casedhole perforation productivity cannot be applied to open-
hole perforations.  The casedhole perforation correlations are not valid when flow enters the wellbore across the openhole sec-
tion as well as through the perforation tunnel.  This primarily occurs at low perforation shot density, when a perforation dam-
aged zone is present and in anisotropic reservoirs. 
Introduction  
The aim of perforating is to penetrate the casing, cement and extend into the virgin reservoir so as to provide a flow path for 
reservoir fluids to produce into the wellbore.  Perforating design optimises the gun configuration and wellbore conditions to 
achieve maximum productivity.  The first successful design and field use of a bullet charge perforating gun dates back to 1932 
where it was used in an oil well for Union Oil in California (Bell et al., 1995).  In subsequent years, the theoretical potential 
and actual downhole performance of perforating has been investigated by mathematical and experimental means.  The aim has 
been to better predict the well productivity following a perforating operation and to understand significant parameters that in-
fluence the performance of perforating operations. 
Imperial College 
London 
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Investigation into the prediction of well performance in perforated wells dates back to analytical calculations in 1943 
(Muskat 1943).  A series of mathematical sinks were used to model perforations around a wellbore.  This work represented the 
first published attempt to quantify the productivity ratio in casedhole perforated completions.  Seven years later electrolytic 
experiments were performed (McDowell & Muskat 1950) which were analogous to steady-state flow into a perforated system 
in a porous medium.  The experiments went a step further than Muskat‟s mathematical analysis and modelled the effect of 
perforation penetration into the formation.   
Harris (1966) first introduced numerical techniques (finite-difference method) in his approach to solve the problem of cal-
culating well performance in perforated completions.  Due to mathematical restrictions, the perforations needed to take the 
same geometric shape as the overall model.  This forced the perforation tunnels to be wedge-shaped and all perforations were 
in the same horizontal plane. 
Bell et al. (1972) first began to question the single shot laboratory flow experiments and how these might differ from actual 
down-hole conditions.  They showed that at downhole conditions, the flow rates from perforations are more uniform along the 
perforation tunnel and greater than those seen in „linear‟ models where the flow is concentrated at the tip.  Numerical models 
were verified with laboratory experiments.  Bell et al. also examined the effect of the crushed zone by simulating it as an area 
of uniform reduced permeability. 
Klotz et al. (1974) were the first to use two-dimensional (2D) finite element method (FEM) techniques to examine the ef-
fects of perforation damage and drilling damage.  In this analysis, it was assumed that the perforating damage was superim-
posed on the drilling damage.  Locke (1981) used a fully three-dimensional (3D) finite-element model.  Locke also developed 
a nomograph to allow users to readily calculate the productivity ratio and skin factor based on a number of input parameters.   
Tariq (1987) also employed FEM using a commercial thermal solver and detailed the verification process by including an 
analysis of the chosen mesh with grid sensitivity.  He compared his results to those of Locke and reported that the productivity 
ratio calculated from Locke‟s nomograph was over-predicted by 5-10%.  The paper also discusses the impact of non-Darcy 
effects, such as near-wellbore turbulence, on productivity.   
Deo et al. (1989) performed simulations to compare the flow distribution along a perforation tunnel for „linear‟, „radial‟ 
and the downhole flow geometries.  The effect of shot density and perforation phasing on flow distribution were examined.  It 
was concluded that neither linear nor radial core flow geometries accurately represent all downhole flow conditions.  Their 
results are also reported in terms of fraction of flow along perforation tunnel and do not directly compare the productivity in-
dex of each case. 
Most present day well performance software uses the semi-analytical correlations of Karakas and Tariq (1991) to calculate 
perforation performance, well productivity and completion skin.  The total skin was calculated by combining the results from a 
number of pseudo-skin factors.  Two systems were considered in their analysis:  simple 2D steady-state flow problem (valid 
for small dimensionless perforation spacing) and a 3D model from which the vertical flow effects were quantified in terms of a 
vertical pseudo-skin.  Anisotropy, damaged zone and crushed zone were also included in their analysis.  The correlations re-
main the foundation of modern software for predicting well performance in perforated completions.  These solutions will be 
directly compared to the productivity results generated from the current study.  A comparison is made in terms of productivity 
ratio (PR) where 
t
w
e
w
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For a simple case with no drilling damage, partial penetration/completion or well deviation, the perforation skin, Sp, is equal to 
the total skin.  In the Karakas and Tariq model, the perforation skin is decomposed into a number of pseudo-skin values, each 
with their own analytical solution: 
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All parameters are defined in the nomenclature and the coefficients a1, a2, b1, b2, c1, c2 and αθ are obtained from look-up tables 
(Bell et al., 1995).  For perforations extending beyond the damaged zone (PEBDZ), the following equations are used to find a 
new effective perforation length and wellbore radius: 
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These effective values are then used in place of the actual perforation length and wellbore radius in equations 2-11 and a modi-
fied perforation skin is calculated.  The drilling damage corrected perforation skin, S’p, can then be used to calculate the total 
skin using equations 14-15.   
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For perforations terminating inside the damaged zone (PTIDZ), the following equation is used: 
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where Sp is calculated from equation 2, Sx is the “pseudo skin to account for boundary effects for perforations terminating close 
to the damaged zone boundary” (Karakas & Tariq, 1991) and Sd is the drilling damage skin as defined by Hawkins in equation 
17. 
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The results from these semi-analytical solutions are compared directly to the productivity ratio calculated from the current 
CFD models.  A more in-depth explanation of the correlations developed by Karakas and Tariq can be found in their paper 
(Karakas & Tariq, 1991). 
Subsequent studies into the productivity of perforated completions have concentrated on building more flexible and accu-
rate numerical models.  Dogulu (1998) coupled a finely gridded near-wellbore model to a more coarsely gridded reservoir 
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model to compute well productivity in horizontal, deviated and vertical wells using a finite difference code.  He also investi-
gated the effect of unequal perforation depths (eccentred gun) using a simplified model assuming only two different penetra-
tion depths.  The conclusion was that deviation of the unequal penetration case from that of equal penetration perforations was 
marginal.  Dogulu‟s assumptions regarding the aspect ratio of long to short penetrations was over-simplified and only one 
“long” perforation was ever present in any given simulation.  The effects of drilling damage were not included in the analysis.  
Ansah et al. (2002) incorporated the real perforation tunnel geometry (cone-shaped perforation with tapered tip) into a 3D 
commercial simulator.  It was concluded that the perforation geometry is significant, although this observation is not obvious 
from the plots presented.  The effects of anisotropy and bedding planes were also investigated.  Yildiz and Roostapour (2005) 
carried on from the work of Deo et al. (1989) and studied the fraction of flow along the tunnel length for different post-
perforation flow geometries.  The effects of uniform and non-uniform skin distribution along the crushed zone were compared 
for three flow geometries.  It can be seen that the flow distribution along the tunnel is different in all cases but Yildiz and 
Roostapour do not go so far as to compare their results to fully 3D downhole models. 
The focus of this study is to examine the validity of the semi-analytical solutions of Karakas and Tariq (1991) and to ex-
tend the work into areas that have not been explored in previous research.  The Karakas and Tariq (1991) correlations have 
been utilised by industry for the past two decades, in which time there has been significant improvement in the field of compu-
tational fluid dynamics (CFD) and computing hardware.  These developments allow much finer meshes and larger models to 
be run in a fraction of the time and cost.  There have also been changes in perforating technology (much larger penetration 
depths) and field development strategies (more deviated and horizontal wells).   
The first objective of this work is to compare the productivity index of laboratory flow tests to a number of downhole per-
forating configurations.  Single-shot core flow tests are carried out to compare the performance of perforating charges under 
downhole conditions.  The results of these tests can also provide inputs into the calculation of the crushed zone permeability 
(Yildiz & Roostapour, 2005).  Axial and radial-axial flow geometries are currently being used to model actual downhole flow 
conditions.  Previous studies (Yildiz & Roostapour 2005, Deo et al. 1989) have indicated that neither axial nor radial-axial 
geometries are representative of flow into all downhole perforation systems.  This research aims to gain further insight into the 
problem and investigate the applicability of single-shot, laboratory core flow tests to downhole conditions. 
The second objective of this research is to develop 3D reservoir models to test the validity of the Karakas and Tariq corre-
lations over a range of perforating and reservoir parameters.  The results are analysed to identify areas where the correlations 
may not be accurate.  This allows future research to focus on developing improved methods for these cases.  Areas investi-
gated for comparison include shot density, perforation phasing, increased penetration depth, perforation damage, reservoir 
anisotropy, perforations terminating inside and extending beyond the drilling damaged zone. 
A third aim is to use the same 3D numerical models to perform preliminary investigations into perforating productivity 
problems that are either simplified (eccentred gun) or not included (productivity of openhole perforating) in current well per-
formance software.  In present day software, SPAN (Schlumberger, 2010), the geometry of an eccentred gun is simplified and 
represented as an equivalent centred gun with a single, average value for penetration depth.  It is believed that there are signifi-
cant errors in this assumption when a drilling damaged zone is present. 
The final objective of the research is to carry out a preliminary study into the productivity of openhole perforated comple-
tions.  The inflow performance into openhole perforations cannot currently be obtained from available well performance soft-
ware.  Although the technique of performing openhole perforating, purely for increased inflow performance, is not currently 
popular, there has been increased interest in the ability to calculalte the theoretical productivity.  The theoretical productivity 
of openhole perforating can then be compared directly to the well performance following matrix acidisation.  If the primary 
aim of the matrix acidisation is to improve the permeability of the drilling damaged zone then openhole perforating may be a 
viable alternative if the productivity is high enough and operational and financial conditions are favourable.  
Research Methods 
Model and Mesh Generation.   
The objective of constructing a finite element mesh is to create a fully 3D model of a perforating system from which the volu-
metric flow rate into the perforation tunnels can be calculated for a given set of boundary conditions.  Mesh generation is car-
ried out using commercial meshing software, Gambit (ANSYS, 2009b). The following methods are used to construct the per-
foration system model: 
 Cylindrical reservoir, wellbore, drilling damage zone and perforation tunnel geometry.  (Cylindrical perforation tunnels 
were chosen in order to simplify model construction) 
 Perforation crushed zone is created as a region of uniform thickness surrounding the perforation tunnel 
 The length of the perforation tunnel is defined as the length from the edge of the openhole wellbore 
 Perforation radius, length, shot density, phasing, reservoir radius, reservoir height and crushed zone thickness can be speci-
fied within a single meshing script.  Figures 1 and 2 show schematics of the perforation and reservoir geometries being 
modelled. 
 Tetrahedral meshing is used to reduce the complexity and time taken to generate the initial mesh.  The resultant script al-
lows a large number of cases to be run by simply changing the appropriate parameter.   
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 A start size and growth rate for the tetrahedral elements is specified starting from the crushed zone region and growing 
outwards towards the reservoir boundary.  This ensures that the mesh is most refined in the regions in the crushed zone and 
around the perforation tunnel, particularly the tip, where the pressure and velocity gradients are the highest.   
A verification process and grid sensitivity analysis is carried out on the tetrahedral mesh to ensure that it is appropriate for the 
type of calculations being performed.  Cell skewness, squish and aspect ratio are also examined during this process as a meas-
ure of mesh quality.  This is discussed further in the model verification section. 
 
 
 
Figure 1:  Idealised perforation system geometry (after Ka-
rakas et al. 1991) 
Figure 2:  Top:  Top down view of model without perforation 
tunnel.  Bottom: Side view of cylindrical perforation tunnel with 
a uniform thickness crushed zone 
CFD Solver.   
A commercial unstructured solver, ANSYS FLUENT (ANSYS, 2009a), is used to solve for volumetric flow rate in the perfo-
rating system.  The following assumptions are made regarding the porous media and reservoir fluid: 
 Laminar, steady-state flow 
 Single phase, incompressible fluid with density, 46.7lbm/ft3 and viscosity, 1.344cp 
 Constant reservoir porosity, φ, 0.2 
 Constant thickness reservoir with perforation interval equal to the reservoir thickness 
 Reservoir radius, re, is sufficiently large so that radial flow has developed at the model boundaries 
 Perforation tunnels are assumed to be channels of infinite conductivity with no pressure drop in the tunnel 
The following boundary conditions are applied to the model: 
 Top and bottom boundaries are periodic 
 Outer reservoir radius is a pressure inlet boundary at 10psi constant pressure 
 Perforation tunnels are pressure outlet boundaries at 0psi 
 Wellbore is a wall of zero shear for cased hole 
 Wellbore is a pressure outlet at 0psi for open hole 
Continuity and momentum equations are solved across the domain.  An acceptable convergence criterion of 1E-06 was de-
cided upon for the solution residuals.  The volumetric flow rate into the perforation tunnels is a calculated output from the 
CFD solver and is also checked for convergence to ensure it does not change with a further decrease in the residual values.  
The workflow involved in constructing the model, building the mesh and running the solver is discussed in more detail in ap-
pendix C. 
Model Verification.   
When the model and grid are generated they are examined to ensure no errors have occurred and that all volumes and faces 
have been meshed correctly.  Maximum tolerances for cell squish, 0.99 and cell skew, 0.8 (average value=0.33) were chosen 
to ensure accuracy and stability of the solution (ANSYS, 2009c).  
After the solution has been calculated, the volumetric flow rate into the perforations is noted and the solution checked for 
convergence.  In previous work, (Karakas & Tariq 1991, Locke 1981), the size of the outer reservoir radius was chosen as a 
rpd
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cement 
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multiple of the wellbore radius at which value radial flow was assumed to occur.  Typically, the value was between 30rw and 
60rw.  In this study, it was decided to carry out a sensitivity test for the optimum size of outer reservoir radius as a function of 
rw, Lp, θ, spf, kV/kH.   For each model, the reservoir radius is increased step-by-step, the flow rate noted and the simulation skin 
calculated using equation 18: 
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The reservoir radius chosen for each perforation system is based on a difference of less than 1% in the resulting values for 
skin.  Pressure contour plots are also visually examined for all models to ensure that boundary effects are not present.  A reser-
voir drainage radius of 660ft and a wellbore radius of 3.5” are used throughout the analysis.   
The final verification check is to carry out a grid sensitivity study on the model.  The baseline parameters used for mesh 
generation are a start size of half the thickness of the crushed zone, a growth rate of 1.07 and a maximum cell size of 1.  
Analysis was carried out by varying the following parameters: 
 Start size: 0.25, 0.33, 0.5 the thickness of the crushed zone 
 Growth rate:  1.05, 1.07, 1.1 
 Size limit:  0.1, 0.5, 1 
In the cases where the mesh is more refined than that of the chosen base-line case, there is less than 1% difference in the re-
sulting value for skin and no appreciable change in the productivity ratio.  The model verification process is outlined in more 
detail in appendix C. 
Results and Discussion 
Laboratory and Downhole Post-Perforation Flow Geometry.   
Existing single-shot, laboratory, core flow tests are conducted under axial (Figure 3) or radial-axial (Figure 4) flow conditions.  
The aim of the current study is to compare the flow geometry and productivity index of a realistic downhole geometry to that 
of a laboratory test.  The dimensions of the laboratory perforating targets are taken to be 18” length and 7” diameter with a  
boundary condition of 10psi at the inlet.  A number of downhole systems are simulated (2spf, 0°; 6spf 60°; 12spf, 135°) with 
an equivalent pressure of 10psi 18” from the wellbore edge.   
The first set of simulations is run to examine the fraction of flow along each section of the perforation tunnel.  The perfora-
tion tunnel is divided into four segments with segment 1 closest to the base of the tunnel and segment 4 closest to the tip.  
Tests are performed with and without a crushed zone to determine the nature of the flow geometry in each case (Figure 5).  
Similar to previous studies (Deo et al. 1989), the results reveal that when no crushed zone is present, the axial flow geometry 
is dominated by flow into the tip of the perforation whereas the radial-axial case shows a more even flow distribution along the 
length of the tunnel.  The downhole case (6spf 60°) lies between the axial and radial-axial flow geometries.  When a uniform 
crushed zone of 10mD is added, the axial flow geometry changes dramatically and the flow contribution from each tunnel sec-
tion smooths out (Figure 5).  The radial-axial flow distribution shows less influence to the presence of a crushed zone.  The 
fraction of flow along the tunnel becomes more evenly distributed in the downhole case with a crushed zone and the distribu-
tion becomes more like that of radial-axial flow.  Figure 6 also shows the change in total productivity index when the crushed 
zone permeability is altered by 10mD, one section at a time, along the perforation tunnel.  Although the axial case shows a 
large alteration in flow geometry when a crushed zone is added, the overall productivity index does not change significantly.  
Again, the results for the downhole case lie between those of axial and radial-axial, except at the tip where the downhole case 
shows a larger change in productivity index.  Productivity index (PI) is a parameter calculated from the flow rate and pressure 
drop measured in the laboratory and is used in the calculation of core flow efficiency (CFE) in Equation (20).  The actual 
productivity index is measured from a laboratory flow test and the theoretical value is obtained from a CFD simulation using 
the dimensions of a clean perforation tunnel. 
P
Q
PI

   (19) 
ltheoretica
actual
PI
PI
CFE    (20) 
  CFE is used to compare the efficiency of single perforation charges under experimental conditions.  Laboratory conditions 
are altered to simulate actual downhole pressure and rock stress.  Given the insensitivity to the addition of perforation damage, 
axial flow tests are likely to give a higher CFE than either radial-axial or downhole flow geometries.  On the other hand, radi-
al-axial flow tests are likely to result in a more pessimistic value for CFE.  Neither laboratory flow test provide a CFE which is 
truly representative of downhole conditions. 
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A second set of simulations is run to compare the productivity index of all three flow geometries.  The change in produc-
tivity index is also noted for different downhole perforating systems where shot density, phase angle, perforation radius and 
the permeability of the crushed zone are altered.  It can be seen that radial-axial flow geometry is more sensitive to a change in 
perforation radius than either the downhole or axial cases (Figure 7).  When a crushed zone is included, the productivity index 
of the radial-axial case reduces considerably, while that of the axial case remains nearly unchanged (Figure 8).  When a con-
stant perforation phase angle of 60° is maintained and only the shot density altered, the productivity index per perforation va-
ries considerably.  For high shot density (12spf), the productivity index is closer to that of axial flow.  For low shot density 
(2spf), the productivity index of the downhole case moves further towards that of radial flow (Figure 9-10).  The effect of per-
foration phasing is also investigated for a constant shot density of 6 spf.  For high perforation phasing angles (0/360°) the 
productivity ratio is very similar to that of axial flow (Figure 11).  For lower perforation phasing angles, the productivity in-
creases so that it is in between radial-axial and axial flow.  Similar findings were reported by (Deo et al., 1989) in their analy-
sis of the flow distribution along the tunnel.  However, analysis of the productivity index reveals that perforation phasing plays 
a more important role than previously thought.  
 
 
 
Figure 3:  Axial flow target for single shot laboratory tests (after 
Yildiz, 2005) 
 
Figure 4:  Radial-axial flow target for single shot laboratory tests 
(after Yildiz, 2005) 
 
  
Figure 5:  Fraction of flow along the length of a perforation tun-
nel for axial, radial-axial and a downhole geometry of 6spf, 60° 
phasing  
 
Figure 6:  Change in productivity index divided by change in 
permeability of crushed zone along each tunnel section for all 
three flow geometries when the permeability of each tunnel 
fragment is changed by 10mD one section at a time. 
Figures 7-12 show that the productivity index of the downhole system can neither be represented by axial nor radial-axial 
flow across a range of perforating parameters.  The productivity index of low shot density and low perforation phasing systems 
is more accurately represented by radial-axial flow geometry.  The productivity index of high shot density and high perforation 
phasing angle systems comes closer to that of axial flow.  However, the addition of a crushed zone reveals that the productivity 
index of the axial flow geometry is relatively insensitive to the presence of the perforation damaged zone.  Therefore, test re-
sults from axial and radial-axial laboratory tests, under identical conditions, will reveal a much higher CFE for the axial flow  
test. 
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Figure 7:  Variation in productivity index of axial, radial-axial and 
a downhole geometry of 6spf, 60° phasing with changing perfo-
ration radius. 
 
Figure 8:  Variation in productivity index of axial, radial-axial and 
downhole geometry of 6spf, 60° phasing with change in perfora-
tion radius when a crushed zone of 10mD (kpd/k=0.1) and thick-
ness of 0.25” is present 
 
  
Figure 9:  Comparison of the productivity index of axial, radial-
axial and downhole geometry of 60° phasing with a variation in 
shot density.  rp= 0.625”. 
Figure 10:  Comparison of the productivity index of axial, radial-
axial and downhole geometry of 60° phasing with a variation in 
shot density with a crushed zone present.  rp= 0.625”, rpd=0.875”, 
kpd/k=0.1 
 
  
Figure 11:  Comparison of the productivity index of axial, radial-
axial and downhole geometry of 6spf with a variation in phasing 
angle.  rp= 0.625”. 
 
Figure 12:  Comparison of the productivity index of axial, radial-
axial and downhole geometry of 6spf with a variation in phasing 
angle with a crushed zone present.  rp= 0.625”, rpd=0.875”, 
kpd/k=0.1 
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Similar results are noted by Bell et al. (1972) for radial rather than radial-axial flow tests.   For most cases, axial flow tests 
cannot be used to reliably quantify the permeability of the perforation damaged zone.  On the contrary, the radial-axial case 
shows a larger sensitivity to the presence of a crushed zone than the downhole case.  In practice, an „altered‟ radial-axial flow 
laboratory test may be the most representative of the downhole case, where there is some restriction on the volume of flow 
entering the core radially.  In reality, this could be difficult to achieve so that a range of downhole geometries can be readily 
represented. 
Another question that needs to be answered is the effect of the transient flow, in each case, on the physical nature of the 
crushed zone.  It is believed that laboratory flow geometries exhibit a different surge flow effect after perforating.  In turn this 
would affect the perforation damaged zone in each case and hence cause it to differ from that under downhole conditions.  It is 
believed that surge flow from radial flow laboratory tests would lead to clean-up along the length of the tunnel and less clean-
up at the tip.  On the contrary, it is thought that axial flow tests produce a surge flow which will aid in clean-up mainly at the 
tip.  In order to study this effect, a series of transient flow simulations would need to be carried out using laboratory and 
downhole flow geometries. 
Karakas and Tariq Correlations.   
The semi-analytical solutions of Karakas and Tariq are compared to results of the 3D numerical model presented previously.  
The verification tests are performed over a range of perforation and reservoir parameters.  Although the number of permuta-
tions is not exhaustive, a large enough data set is recorded for the purpose of the comparison.  Table 1 outlines the parameters 
used in the analysis.   
 
Table 1:  Reservoir and perforation parameters 
used for comparison to Karakas and Tariq cor-
relations 
Parameter Value 
Shot Density (spf) 4, 5, 6, 12 
Phasing, θ (°) 0, 45/135, 60, 180 
Lp (“) 10, 18, 30 
kpd (mD) 10, 20, 50 
Ldd (“) 4-15” 
kdd (mD) 10, 50, 80 
kV (mD) 1, 10, 100 
kH (mD) 100 
rpd (“) 0.75 
rp (“) 0.5 
 
The total skin is obtained for both the semi-analytical and numerical solutions.  The productivity ratio is then calculated using 
equation 1.  The productivity ratio is plotted rather than skin as it varies over a smaller range and is always a positive number.   
Overall, the analytical solutions agree well with the numerical results.  For cases where shot density, phasing, penetration 
depth, drilling damage permeability and crushed zone permeability are altered (for PEBDZ), the difference in the productivity 
ratios is +/-2%.  However, for the same perforation systems terminating inside the damaged zone, the productivity ratio calcu-
lated from the numerical model is 6-8% lower than that from the semi-analytical solutions (Figure 13).  Furthermore, a discon-
tinuity is observed between the PEBDZ and PTIDZ analytical solutions when the perforation penetration depth is equal to the 
thickness of the formation damage zone.  The error in using the incorrect model can be as high as +17%.  For the example 
provided, if one uses the PEBDZ correlation in this region, the error will be +2% with no perforation damage and +17% when 
perforation damage is present.  On the contrary, if one uses the PTIDZ correlation the error will be -14% and +7% for the 
cases without and with crushed zone respectively.  A wide range of simulations would need to be run to establish a trend and 
conclude which, if either, of the correlations gives a more consistent answer for this case.  Although this scenario represents a 
small number of design cases, the productivity of perforations terminating in close proximity to the damaged zone is often 
calculated for comparative purposes to examine the penalty of perforating inside the damaged zone.  In summary, the semi-
analytical solutions work well when perforations extend beyond the damaged zone but the difference between these solutions 
and the CFD analysis begins to increase when the penetration depth is less than or equal to the drilling damage thickness.  
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Figure 13:  Productivity ratio against drilling damage thickness 
for a perforation system of 6spf, 60° phasing, Lp=10”, kdd=10mD, 
kpd=10mD in an isotropic reservoir 
 
Figure 14: Productivity ratio against reservoir permeability ratio 
for two perforating systems with Lp=10”, no crushed zone or 
drilling damage present  
 
 
  
Figure 15:  Top down view of pathlines produced by particles 
being released parallel to perforation tunnels in the case of an 
isotropic reservoir with perforations of 6spf, 60° phasing, Lp=10”, 
rp=0.5”, no crushed zone or drilling damage.  Inset shows side 
view of spiral perforation pattern. 
 
Figure 16:  Top down view of pathlines produced by particles 
being released parallel to perforation tunnels in the case of an 
anisotropic reservoir kV/kH=0.01.  The perforation design is iden-
tical to isotropic case in figure 15.  Inset shows side view of spi-
ral perforation pattern. 
 
 
Differences between the semi-analytical solutions and numerical results are also noted in highly anisotropic reservoirs.  For 
basic cases, with no crushed zone or drilling damage, the CFD results show productivity ratios of approximately 10% higher 
than the analytical solutions when kV/kH=0.01 (Figure 14).  This difference in results carries through for anisotropic reservoirs 
with a damaged zone and perforation damage.  The greatest difference is always seen in the most extreme case of anisotropy, 
when kV/kH=0.01.  A thorough examination of mesh sensitivity and an adequate reservoir radius size is carried out for these 
cases to ensure their accuracy.  Any further changes to mesh starting size and reservoir radius result in a less than 1% differ-
ence in skin and no appreciable difference in the productivity ratio.  For the analysis, anisotropy is considered over a large 
vertical scale and included in the reservoir and drilling damage permeability tensors.  However, uniform values of permeability 
are used on the more local, smaller scale of the crushed zone.  When assigning a crushed zone permeability value inside the 
drilling damaged zone, the product of kdd/k and kpd/k is used.  These assumptions are made as there are currently no models 
which can accurately describe the magnitude or distribution of the permeability reduction in the crushed zone. 
A close examination of the pressure contour plots and velocity vector fields is carried out for simulations of highly anisot-
ropic reservoirs.  Particles are also released along planes parallel to the perforation tunnels and the resultant pathlines are stud-
ied.  A top down view of an isotropic case (Figure 15) and an anisotropic case (Figure 16) reveals the increased particle 
movement in the horizontal plane in highly anisotropic reservoirs.  In an isotropic reservoir, the majority of pathlines follow 
the plane from which they have been released as there is no difference between the horizontal and vertical.  In an anisotropic 
reservoir, there is increased resistance in the vertical direction due to low permeability.  Therefore, particles released either 
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
02468101214
P
R
Ldd (")
CFD:  6spf 60 deg - no crushed zone
K&T:  6spf 60 deg - no crushed zone
CFD:  6spf 60 deg - 10mD crushed 
zone
K&T: 6 spf 60 def - 10mD crushed zone
PEBDZ
Discontinuity 
in K&T 
solutions
PTIDZ
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
1.20
0.01 0.1 1
P
R
kV/kH
CFD:  6spf 60deg
K&T:  6spf 60 deg
CFD:  4spf, 180 deg
K&T:  4spf, 180 deg
Coloured by Particle ID
Coloured by Particle ID
Three-Dimensional Reservoir Inflow Modelling using Computational Fluid Dynamics 11 
 
above or below a perforation tunnel (in the same x-y plane) tend to divert to adjacent perforation tunnels as horizontal perme-
ability is greater than vertical permeability.  This phenomenon was first noted by Sun et al. (2010) for a perforation configura-
tion of 6spf 90° phasing.  It must be noted that, in both studies, only homogeneous, anisotropic reservoirs are considered.  The 
effects of heterogeneity are not taken into account. 
Productivity of an Eccentred Gun.   
An example case for an eccentred casing gun is developed using SPAN (Schlumberger, 2010) and the individual perforation 
tunnel lengths and average penetration depth are noted.  The same reservoir parameters are then used to construct two models.  
The first model replicates the gun position and individual penetration depths of the eccentred gun (Figure 17).  The second 
model uses the same gun size but centres the gun in the wellbore and assigns the average perforation penetration depth to each 
tunnel (Figure 18).  The latter approach is currently employed by modern perforation productivity software.  A databank of 
tunnel penetration depths exists for range of perforating gun designs when shot eccentred.  This data is utilised by software to 
establish the exact and average tunnel lengths for an eccentred gun.  Previous studies (Dogulu 1998) have indicated that this 
approach is a satisfactory method for the productivity ratio of an eccentred gun.  However, the influence of drilling damage 
was not included in these studies. 
CFD simulations are run for a range of formation damage thickness values and permeability (kdd/k=0.1, 0.2, 0.5).  The pro-
ductivity ratio of the eccentred gun case is normalised against that of the centred gun and plotted on the y-axis.  The average 
perforation penetration depth is normalised against the formation damage thickness and plotted on the x-axis.  In the case of 
6spf, 60° phasing, and an average penetration depth of 15.71”, a maximum difference of 32% exists between the actual eccen-
tred gun model and that using the current averaging method (Figure 19).  This difference occurs when all perforations in the 
centred, average penetration depth model are inside the drilling damaged zone while some perforations extend beyond the 
drilling damaged zone in the actual eccentred model.  The error is at a maximum for kdd/k of 0.1 and decreases as the drilling 
damage permeability increases (Figure 20).  For an eccentred gun, the change in productivity ratio, as the drilling damage 
thickness is altered, is less severe than for a centred gun.  There is no noticeable difference between the results from the eccen-
tred and centred gun simulations when the average penetration depth is considerably larger than the thickness of the drilling 
damage (LPave/Ldd>1.5) (Figure 20).  This is also true when the average penetration depth is significantly less than the thickenss 
of the drilling damaged zone (LPave/Ldd<0.8).   
This study includes eccentred gun simulations for a perforation design of 6spf and 60° phasing at one possible orientation.  
At other gun orientations, it is anticipated that the productivity will be different as the total open tunnel length extending past 
the damaged zone will also differ.   It is also expected that there will be a significant error in the productivity calculation for 
other perforation designs if the averaging approach is taken in the presence of severe formation damage.  It is thought that the 
percentage error will be a maximum at lower perforation phasing angles and higher shot density.  For eccentred guns, the 
number of perforations extending beyond the damaged zone will increase when compared to an averaged penetration depth, 
centred gun.  
 
  
Figure 17:  Schematic of eccentred gun (6spf, 60° phasing, 
rp=0.2”) showing variation in penetration depth and low-side per-
forations extending beyond drilling damage 
 
Figure 18:  Schematic of equivalent centred gun with average 
penetration depth of eccentred gun from Figure 17(6spf, 60° 
phasing, rp=0.2”)  
 
 
Wellbore
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Reservoir
Damaged 
Zone
Virgin 
Reservoir
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Figure 19:  Normalised productivity ratio of an eccentred gun 
against normalised average penetration depth for a gun 6spf, 60° 
phasing, rp=0.2”, Lpave=15.71”. 
 
Figure 20:  Productivity ratio results against drilling damage 
thickness for an eccentred gun compared to an equivalent cen-
tred gun with an averaged perforation penetration depth.  (Per-
foating design is the same as Figure 19) 
Openhole perforations.   
The productivity of an openhole perforated well is of interest when a drilling damaged zone is present in a consolidated forma-
tion.  Although not common operating practice, openhole perforating can be performed to provide open flow paths that extend 
past the drilling damaged zone.  A set of numerical simulations is run during this study to examine the inflow performance of 
an openhole perforated well.  The results are then compared to those of the same well completed openhole without perfora-
tions and casedhole with perforations.  For an openhole completion, drilling damage skin is calculated using Equation (17).   
 
  
Figure 21:  Comparison of the productivity ratio for openhole, 
openhole perforated and casedhole perforated completions with 
perforation design of 6spf, 60° phasing, Lp=10” with and without 
a crushed zone of thickness 0.25”, kpd/k=0.1.  Isotropic reservoir 
with drilling damage thickness of 6.5”. 
 
Figure 22:  Comparison of the productivity ratio for openhole, 
openhole perforated and casedhole perforated completions in an 
anisotropic reservoir.  Perforation design: 6spf, 60° phasing, 
Lp=10” and drilling damage thickness of 6.5”. 
 
Results reveal that, for an isotropic reservoir with a drilling damaged zone and no perforation damage, the productivity ra-
tio of a casedhole and openhole perforated well are very similar when completed with 6spf, 60° phasing perforations.  At 
lower shot densities, larger differencies in productivity are seen.  The productivity ratio in each case is double that of a pure 
openhole completion.  When a crushed zone of thickness 0.25” and permeability of 10mD is added, the productivity ratio of 
the openhole perforated completion is 7% higher than the casedhole equivalent (Figure 21).  Furthermore, if the reservoir is 
anisotropic, the productivity of the openhole perforated completion is considerably higher than that of a casedhole perforated 
well (Figure 22) while a non-perforated openhole completion may be more or less productive than a casedhole perforated well, 
depending on the permeability of the drilling damaged zone.  With casing and cement in place, the flow has only one path into 
the wellbore; through the perforation tunnels.  In a well with openhole perforations, the flow has alternative routes into the 
wellbore; through the perforation tunnels or through the drilling damaged zone directly into the wellbore.  Therefore, near per-
foration tunnel pressure gradients are greater for a casedhole perforated well in an anisotropic reservoir compared to an open-
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hole perforated well.  Pressure contour plots of openhole and casedhole perforated completions are examined in order to fur-
ther understand the flow paths in anisotropic reservoirs (Figures 23, 24).  It is clear from both the pressure contour plots and 
the results (Table 2) that correlations for casedhole perforated completions are not applicable to the equivalent case in open-
hole when perforation damage and anisotropy are present.  The effects of reservoir anisotropy and a perforation damaged zone 
are different for an openhole perforated and casedhole perforated completions. 
The results indicate that openhole perforations can potentially double the productivity of an openhole well with formation 
damage by extending past the zone of reduced permeability.  Depending on the associated cost and operating conditions, the 
technique could become a viable alternative to matrix acidisation.  A larger database of results is required to determine an ana-
lytical solution to the problem of inflow into openhole perforations.  Casedhole semi-analytical solutions cannot be used in 
their present form.   
 
  
Figure 23:  Pressure contour plot of casedhole (top) and open-
hole (bottom) perforations in an isotropic reservoir. 
 
Figure 24:  Pressure contour plots of casedhole (top) and open-
hole (bottom) perforations in an anisotropic reservoir (kV/kH=0.01) 
 
Table 2:  Productivity ratio results for openhole, openhole perforated and casedhole per-
forated completions.  Perforation design:  6spf, 60° phasing and Lp=10 
Description PROH PROH Perf PRCH Perf 
Ldd=6.5”, kd/k=0.1, kpd/k=1, kV/kH=1 0.45 1.07 1.07 
Ldd=6.5”, kd/k=0.1, kpd/k=0.1, kV/kH=1 0.45 0.9 0.86 
Ldd=6.5”, kd/k=0.1, kpd/k=1, kV/kH=0.1 0.45 0.94 0.9 
Ldd=6.5”, kd/k=0.1, kpd/k=0.1, kV/kH=0.1 0.45 0.84 0.74 
Ldd=6.5”, kd/k=0.1, kpd/k=1, kV/kH=0.01 0.45 0.82 0.77 
Ldd=6.5”, kd/k=0.1, kpd/k=0.1, kV/kH=0.01 0.45 0.78 0.69 
Conclusions 
Over 600 simulations were run over the course of this analysis using a finite volume model and computational fluid dynamics 
pressure based solver.  The primary objective was to test the validity of the semi-analytical well productivity solutions in per-
forated completions.  Beyond this, a number of different areas were investigated where it is known that current well perfor-
mance software fails to accurately calculate the inflow performance. 
1. Comparisons between axial, radial axial and downhole flow geometry show that: 
a. The productivity index of single shot laboratory axial flow tests is relatively insensitive to the presence of a 
crushed zone.  Radial-axial flow in cores shows a higher sensitivity to perforation radius and crushed zone 
presence than either the downhole cases or axial case.  Therefore, when a crushed zone is present, the CFE 
of an axial target will not truly represent the majority of downhole perforating cases which are affected by 
the addition of perforation damage. 
b. The productivity index of low shot density and low phase angle perforations approaches that of the radial-
axial laboratory case, particularly with the presence of a crushed zone. 
c. The productivity index of high shot density and high phase angle perforations approaches that of the axial 
laboratory case.  However, the downhole cases are more sensitive to the presence of a crushed zone. 
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2. The semi-analytical solutions of Karakas and Tariq are accurate (within +/-2% of PR) of CFD simulation results for a 
range of basic cases with different shot density, phasing, penetrations depth, crushed zone and perforations extending 
beyond the drilling damaged zone. 
3. Discrepancies appear between the results of the CFD analysis and the semi-analytical solutions when: 
a. Perforations terminate inside the damaged zone.  There is a difference of +6-8% between CFD and semi-
analytical productivity ratio.  Differences can also be seen when the penetration depth is equal to the thick-
ness of the perforation damage where there is a discontinuity between the analytical solutions for perfora-
tions terminating inside and outside the damaged zone.  If the incorrect solution is used the error can range 
from +17 to -14% for the perforation system examined during this study. 
b. Reservoirs are highly anisotropic (kV/kH=0.01).  There is a difference of up to -10% between CFD and semi-
analytical productivity ratio. 
4. An error of up to 32% was found between the results of an eccentred gun and the equivalent centred gun with an av-
erage perforation penetration depth.  This occurs for severe drilling damage (kdd/k=0.1) and is not currently accounted 
for when calculating the productivity of perforated completions.  Although, in practice, the error due to an unknown 
formation damage thickness or permeability may be higher, it is important that modern well performance software be 
capable of modelling this perforation design in the future.   
5. Openhole perforating can lead to a two-fold increase in the productivity of openhole wells with severe drilling dam-
age.  Given suitable operating and financial conditions, it may be a viable alternative to matrix acidisation.  The semi-
analytical solutions currently used for casedhole, perforated completions cannot be used in their present form for 
openhole, perforated completions.   
 
Future Work/Recommendations 
A number of areas have been identified where further research is recommended: 
1. The 3D simulation model used throughout this analysis solves a steady-state flow problem in a perforating system.  In 
order to better understand the effects of surge flow in laboratory and downhole flow geometries, transient flow simu-
lations need to be carried out.  Transient flow in laboratory cases may be different to that which occurs under down-
hole conditions. Therefore, the perforation damaged zone in a laboratory core may not be representative of that 
downhole. 
2. This study models perforation tunnels as cylinders and the perforation damaged zone as a region of constant thickness 
and permeability.  Further experimental results, which outline the fraction of flow along the perforation tunnel, would 
provide useful insight into the nature of the perforation damaged zone in laboratory flow tests.  Large sized stress 
frames also exist which can be used to study flow into a reservoir rock which has been perforated with a downhole 
perforation design of choice.  Knowledge of the true nature of the perforation damaged zone is important in order to 
fully understand the flow geometry into perforation tunnels. 
3. Further simulations are required to update the productivity solutions for an eccentred gun.  As logging technology 
improves it will be imperative that perforation productivity programmes be able to twin improved drilling damage 
measurements with an accurate perforation model.   
4. This study takes a preliminary look at the productivity of openhole perforation completions using a perforating design 
of 6spf and 60° phasing.  Further work needs to be carried out to obtain a set of solutions that can be used to calculate 
the productivity of openhole, perforated completions.  These solutions can then be integrated into well performance 
software. 
Nomenclature 
 CFD = computational fluid dynamics 
 CFE = core flow efficiency 
 FEM = finite element method 
 h = spacing between perforations, L, ft 
 hD = dimensionless perforation spacing, dimensionless 
 ht = total formation thickness, L, ft 
 k = formation permeability, L
2
, mD 
 kdd = drilling damaged zone permeability, L
2
, mD  
 kH = horizontal formation permeability, L
2
, mD 
 kpd = perforation damaged zone permeability, L
2
, mD 
 kV = vertical formation permeability, L
2
, mD 
 Ldd = drilling damage length, L, ft 
 Lp = perforation length, L
, 
ft 
 L’p = perforation length modified for drilling damage effects, L, ft 
PEDBZ = perforations extending beyond damaged zone 
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 PTIDZ =  perforations terminating inside damaged zone 
 Pe = reservoir pressure, m/Lt
2
, psi 
 Pwf = well flowing pressure, m/Lt
2
, psi 
 PI = Productivity Index, L
4
t/m, bbl/d-psi 
 PR = Productivity Ratio, dimensionless 
 Q = downhole flow rate, L
3
/t, bbl/d 
 Qideal = downhole flow rate for equivalent openhole completion with no formation damage, L
3
/t, bbl/d 
 Qactual = downhole flow rate measured or calculated for given completion, L
3
/t, bbl/d 
 rdd = radius of drilling damaged zone, L, ft 
 re = drainage radius of reservoir, L, ft 
 rp = radius of perforation tunnel, L, ft 
 r’p = radius of perforation tunnel modified for drilling damage and anisotropy effects, L, ft 
 rpd = radius of perforation damaged zone, L, ft 
 rw = wellbore radius, L, ft 
 r’w = wellbore radius modified to account for drilling damage, L, ft 
 spf = shots per foot 
 Sd = skin caused by drilling damage, dimensionless 
 SH = horizontal component of perforation skin, dimensionless 
 Sp = perforation skin, dimensionless 
 S’p = perforation skin modified to account for drilling damage, dimensionless 
 Spd = perforation damaged zone skin, dimensionless 
 St = total skin, dimensionless 
 SV = vertical component of perforation skin, dimensionless 
 Swb = wellbore component of perforation skin, dimensionless 
 Δp = pressure differential between the reservoir and the wellbore, m/Lt2, psi 
 
Greek Letters 
 φ = porosity, dimensionless 
 µ = viscosity, m/Lt, cp 
 θ = perforation phase angle, degrees 
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SI Metric Conversion Factors 
 bbl x 0.1589 873 E+00 = m3 
 cp x 1.0 E-03 = Pa.s 
 ft x 3.048 E-01 = m 
 ft3 x 2.831 685 E-02 = m3 
 in. x 2.54 E+00 = cm 
 lbm x 4.535 924 E-01 = kg 
 mD x 9.869 233 E-16 = m2 
 psi x 6.894 757 E+00 = kPa 
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APPENDIX A  CRITICAL LITERATURE REVIEW 
SPE 943175-G (1943)  
Petroleum Transactions, AIME, Volume 151, pages 175-187 
 
The Effect of Casing Perforations on Well Productivity  
 
Authors: Muskat, M. 
Contribution to the understanding of inflow into perforations in a cased well: 
Muskat‟s study was the first analytical approach to investigate the effects of casing perforations on the 
productivity of wells. 
Objective of the paper: 
The objective of the study was to derive analytical solutions in order to determine the effect of various 
completion methods (casedhole perforations slotted liner) on well productivity.  The results would aid in 
addressing the question as to whether perforated completions seriously reduce well productivity and es-
tablish an analytical method for the calculation of the productivity. 
Methodology used: 
Perforation tunnels are represented mathematically as sinks and are distributed with a given spacing be-
tween them that is dependent on the shot density.  The overall pressure distribution is calculated as a so-
lution to the La Place equation.  This approach does not account for the impermeable casing.  However, 
Muskat argues that the interference between the perforations means that there is no flow between sinks 
and the result is that the surface between the sinks is impermeable.  The effects of shot density and perfo-
ration phasing are examined.  The case of a slotted liner is also studied. 
Conclusion reached: 
From Muskat‟s analysis, he determined that it is the shot density rather than the distribution that deter-
mines the well productivity.  He also showed that slotted liners show a greater productivity than ce-
mented and perforated casings. 
Comments: 
In this analysis, the perforations do not extend into the formation. The study does not take into account 
any reservoir effects such as permeability, anisotropy, and preferred fracture planes etc. which prove to 
be important contributing factors in determining perforation shot orientation.  Incorrectly assuming that 
no-flow between sinks represented the impermeable casing may have lead to conclusion that distribution 
had little bearing on well productivity. 
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SPE 950309-G (1950)  
Petroleum Transactions, AIME, Volume 189, pages 309-312  
 
The Effect on Well Productivity of Formation Penetration Beyond Perforated Casing 
 
Authors: McDowell, J.M. and Muskat, M. 
Contribution to the understanding of inflow into perforations in a cased well: 
First set of experimental tests that include perforations that extend beyond the casing.  The effects of per-
foration geometry, depth of penetration and perforation radius are studied in more detail than previously.   
Objective of the paper: 
The objective is to study the effect of casedhole perforations on well productivity through an experimen-
tal, electrolytic model which represents a cased wellbore with perforations extending into the reservoir.  
The effects of casing diameter and perforation diameter, penetration, shot density, phasing and tunnel ge-
ometry are studied in order to gain qualitative results as to which parameters are important when design-
ing perforated cased-hole completions. 
Methodology used: 
An electrolytic model analogue is employed which consists of a cylindrical tank filled with a weak cop-
per sulphate solution and a copper rod placed in the centre of the tank to represent an open well.  The cas-
ing is represented by polystyrene tubing and perforations are copper wire electrodes extending through 
the tubing.  A radio bridge is used to make the resistance readings.  Various perforation patterns, densities 
and penetration length are modelled.   
Conclusion reached: 
As penetration depth increases, the resultant productivity approaches and may even exceed that of open-
hole completions.  The benefits from increased penetration decline asymptotically.  It was also shown 
that at high penetration depths, the perforation radius become less important whereas at low penetration 
depths, the radius is more important.  Perforation phasing was thought to have no noticeable difference 
on productivity. 
Comments: 
The experimental results provide an important contribution to examination of perforation parameters and 
their effect on inflow performance.  However, they incorrectly conclude that perforation distribution have 
little effect on productivity.  Accuracy of experimental model and construction and measurement is diffi-
cult to achieve.    
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SPE 1236-PA (1966)  
Journal of Petroleum Technology, Volume 18, Number 4, pages 518-528 
 
The Effect of Perforating on Oil Well Productivity  
 
Authors: Harris, M.H. 
Contribution to the understanding of inflow into perforations in a cased well: 
Harris was the first to use finite-difference modelling to study the productivity of perforated cased-hole 
wells.   
Objective of the paper: 
The objective of the study is to calculate the productivity of casedhole perforated completions using nu-
merical analysis.  The results of the analysis are aimed to aid in understanding the impact of each perfora-
tion parameter on well productivity and contribute to field of perforation design.  The results are also 
compared to the previous experimental analysis of McDowell/Muskat (1950) and that of Howard/Watson 
(1952). 
Methodology used: 
A numerical model is constructed using finite-difference method in order to be able to solve the problem 
of flow into a perforated completion.  Wedge-shaped in-plane perforations are used due to the limitations 
of the mathematical solution.  Productivity ratios are presented in the form of a dimensionless apparent 
skin which is a function of a number of other different variables (cement sheath radius, perforation di-
ameter, penetration, vertical perforation spacing and number of perforations per plane).  The effect of 
each variable is investigated. 
Conclusion reached: 
The finite difference model used offers more accurate results for productivity of perforated wells than 
those from experimental analysis.  Harris concluded that penetration depth has a significant impact on 
productivity, particularly in the region close to the wellbore.  He also notes that perforation phasing plays 
an important role and that multiple perforations on the same horizontal plane provide better results than 
when perforations are aligned vertically.   (This is contrary to previous research by Muskat, 1943 and 
McDowell & Muskat, 1950)  
Comments: 
Mathematical restrictions limit the perforations to a wedge shape.  Although perforation phasing was in-
vestigated, it was limited to an in-plane rather than spiral pattern.  
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SPE 3444-PA (1972) 
Journal of Petroleum Technology, Volume 24, Number 9, pages 1095-1103 
 
Laboratory Flow Characteristics of Gun Perforations 
 
Authors: Bell, W.T., Brieger, E.F and Harrigan, J.W. 
Contribution to the understanding of inflow into perforations in a cased well: 
The study was the first to question and recognise that the API single shot core flow test procedure, at the 
time, did not fully represent the flow in the case of downhole perforations.  The effect of a region of im-
paired permeability around the perforation tunnel was examined.  Bell et al. also looked at post-
perforating clean-up, differential pressure while perforating and linked it to an increase in flow effi-
ciency. 
Objective of the paper: 
The aim of the investigation was to study the flow geometry and pressure distribution associated with a 
downhole perforation.  The results would then be compared to single shot laboratory tests in order to gain 
insight into the differences between laboratory and down-hole flow geometry and perforation perform-
ance. 
Methodology used: 
Finite-difference methods were used to model flow into laboratory targets as well as simulated a simpli-
fied downhole perforation system.  The axial and radial flow simulations were verified experimentally 
using standard API RP 43 sandstone and API Berea cores respectively.  The effect of the crushed zone 
was also investigated. 
Conclusion reached: 
It was concluded that the linear system is not representative of the downhole conditions.  Results from the 
radial-flow tests were considerably less than those from the linear test.  The presence of a crushed zone 
leads to a large reduction in flow rate for a downhole case but the not in a linear flow test.  The effective-
ness of each perforation is more important than the penetration depth.   
Comments: 
The effects of shot density and phasing are not studied in the downhole model.  The parameters would 
alter the flow geometry around a perforation tunnel. 
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SPE 4654-PA (1974) 
Journal of Petroleum Technology, Volume 26, Number 11, pages 1303-1314 
 
Effect of Perforation Damage on Well Productivity 
 
Authors: Klotz, J.A.,  Krueger, R.F. and Pye, D.S. 
Contribution to the understanding of inflow into perforations in a cased well: 
Klotz et al. were the first to conduct a thorough investigation into the productivity of casedhole perfo-
rated completions using a finite element method.  The model included both drilling and perforation dam-
age.   
Objective of the paper: 
The objective of this study was to improve the accuracy of well productivity calculations by taking drill-
ing and perforation damage into account.   
Methodology used: 
A finite element model was used to calculate pressure distribution in the system.  The model was divided 
up into 4 areas and permeability assigned to each one.   
K1:  Virgin undamaged reservoir rock permeability 
K2:  Permeability of region damaged by drilling 
K3:  Permeability of region damaged by perforating 
K4:  Permeability of region damaged by both drilling and perforating  
For increased accuracy, the mesh was refined near the tip of the perforation, where the pressure gradient 
is highest and the flow direction changes.   
Conclusion reached: 
Klotz et al.  found that the productivity ratio of a perforated completion can range from 5-95% depending 
on perforating and drilling damage.  When drilling and perforation damage are present, an increase in 
shot density is not sufficient to overcome their effects.  Penetration becomes more important in this case. 
Similar to Bell et al. they observed that perforation quality is more important than either shot density or 
penetration. 
Comments: 
The finite element mesh used is of low resolution due to computing power available at the time.  This 
may mean that some of the numerical results are not accurate. 
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SPE 8804-PA (1981) 
Journal of Petroleum Technology, Volume 33, Number 12, pages 2481-2488 
 
An Advanced Method for Predicting the Productivity Ratio of a Perforated Well 
 
Authors: Locke, S. 
Contribution to the understanding of inflow into perforations in a cased well: 
Locke used finite element methods to model the fully 3D problem of flow into perforations.  Perforation 
geometry, the spiral pattern of perforation distribution and the crushed zone region were all included in 
the model.   
Objective of the paper: 
The aim of the study was to improve the industry‟s ability to predict the productivity ratio of real wells by 
constructing a more accurate simulation model. 
Methodology used: 
A finer finite element method was used to run simulations on effect of perforation length, phasing, di-
ameter, shot density, crushed zone effect and damaged zone effect on productivity ratio.  The results of 
the simulations were used to construct a nomograph.  The nomograph can then be used to predict skin 
and hence the productivity ratio of a well.   
Conclusion reached: 
The study used a refined and more representative perforation model to test the results of previous work.  
Results from this model were used to build a large database and consequently the construction of the no-
mograph.  In general, productivity is increased with increasing shot density.  Penetration depth is more 
important than perforation diameter.  90° phasing is more effective than larger phasing angles (0/360°, 
180° and 120°).  Thickness of the formation damaged region is an important parameter in predicting per-
forated completion performance. 
Comments: 
An explanation for the creation of the nomograph was not provided. 
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SPE 15029-MS(1986) 
 
Perforation Geometry and Skin Effects on Well Productivity  
 
Authors: Todd, B.J. and Bradley, D.J. 
Contribution to the understanding of inflow into perforations in a cased well: 
Highlighted the issues with gun stand-off and decresed penetration depth of smaller through-tubing guns. 
Objective of the paper: 
The main aim of the study was to evaluate perforation productivity using numerical methods with an em-
phasis on the effects of drilling and perforation damage with gun stand-off.  The cumulative effect of per-
foration and reservoir parameters is also studied as opposed to one parameter at a time. 
Methodology used: 
A 3D computer model was developed to simulate flow into a perforated completion. 
Conclusion reached: 
This study recommends a shot density of 12spf when well damage, perforation damage and anisotropy 
are present.  The importance of shot density is also underlined.  This has often been over-ruled in previ-
ous studies.  Gun stand-off has a large impact on productivity as it causes reduced penetration and un-
equal penetration depths.   
Comments: 
The accuracy of the computer model is limited.  Wedge shaped perforations are used to comply with rest-
trictions in the mathematical solution. 
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SPE 12781-PA (1987) 
SPE Production Engineering, Volume 2, Number 2, Pages 104-112 
 
Evaluation of Flow Characteristics of Perforations Including Nonlinear Effects with the Finite-Element 
Method 
 
Authors: Tariq, S.M. 
Contribution to the understanding of inflow into perforations in a cased well: 
Tariq was the first to look at grid sensitivity and the role of choosing a mesh on the accuracy of the re-
sults.  The impact of non-Darcy effects (associated with high rate gas wells) was also examined and 
found to cause a considerable reduction in well productivity.   
Objective of the paper: 
The aim of the study was to conduct finite-element analysis of inflow into perforations with real wellbore 
geometry and detailed grid/mesh sensitivity analysis to ascertain the effect the effect of grid/mesh size on 
the results.  Non-Darcy effects are also included to investigate the qualitative effects of turbulence on 
productivity in high-rate oil and gas wells.  The objective is to gain an understanding of methods that can 
be used to avoid or reduce the associated decrease in productivity. 
Methodology used: 
Finite element models were constructed for simulation of flow at downhole and laboratory conditions.  
Mesh sensitivity was carried out and results were compared to previous studies.  Two sets of simulations 
were run; one without turbulence and one with turbulence.   
Conclusion reached: 
Previous studies have over-predicted well productivity, probably due to insufficient grid size and/or over-
simplistic modelling of the down-hole perforation geometry.  Locke‟s nomograph over-predicts produc-
tivity by 10%.  In general, the study confirmed the findings of previous studies in terms of the parameters 
of relative importance but puts a stronger emphasis on the importance of perforation phasing.    
In the case of high rate wells, turbulence reduces well productivity due to an increase in velocity and an 
associated increase in pressure drop in the near-wellbore.  This study proposes increasing the perforation 
penetration depth and ensuring some perforation phasing in order to reduce the non-Darcy flow effects.   
Comments: 
First to provide a detailed study of the effects of research/modelling methods and their impact on the ac-
curacy of results. 
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SPE 16896-PA (1989) 
SPE Production Engineering, Volume 4, Number 3. Pages 295-300 
 
Linear and Radial Flow Targets for Characterising Downhole Flow in Perforations 
 
Authors: Deo, M., Tariq, S.M. and Halleck, P.M. 
Contribution to the understanding of inflow into perforations in a cased well: 
This paper improved the industry‟s understanding of the flow geometry into real perforations and high-
lighted the differences between laboratory tests and the downhole case. 
Objective of the paper: 
The aim of this study was to conduct a thorough investigation into laboratory single shot flow tests and to 
compare the flow distribution along the tunnel to that of the downhole case.   
Methodology used: 
A 3D finite element mesh was used to calculate inflow into perforations.  The effects of shot density, 
phasing, drilling damage and the presence of a crushed zone are investigated.  For the laboratory geome-
tries, the boundary conditions were altered to represent linear or radial flow.  The results were compared 
in terms of fraction of flow along the perforation tunnel. 
Conclusion reached: 
In the absence of a crushed zone, low shot density (LSD) perforation flow geometry matches that of the 
radial laboratory case.  High shot density (HSD) flow geometry lies between radial and linear laboratory 
cases.  In the presence of a crushed zone, the HSD flow geometry becomes more even along the tunnel 
and becomes more like the radial flow laboratory case.  With a damaged and crushed zone, the effects of 
the damaged zone are dominant and more flow can be seen at the tip of the perforation tunnel.  The HSD 
case is then more similar to the linear flow tests while the LSD case lies between radial and linear cases. 
Comments: 
Although this study highlights the differences in fraction of flow along the perforation tunnel in each 
case, it does not look at the productivity index.  The productivity index is an indicator of flow perform-
ance and is also used to attempt to quantify the permeability of the perforation damaged zone. 
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SPE 22811-MS(1991) 
 
An Investigation of the Damaged Zone Created by Perforating 
 
Authors:  Pucknell, J. K and Behrmann, L. A. 
Contribution to the understanding of inflow into perforations in a cased well: 
This study contributed to the understanding of the perforation damaged zone and emphasises that the area 
is not compacted as commonly thought.  Perforation causes the break-down of pores and migration of 
fines rather than „crushing‟ the rock. 
Objective of the paper: 
The aim of this work is to gain a better understanding of how perforating affects the physical properties 
(pore size, migration fines, permeability) of the rock surrounding the perforation tunnel.   
Methodology used: 
A number of outcrop sandtone cores were subjected to underbalance laboratory post-perforating flow 
tests.  This sections of the tunnel were taken and studied using computer aided tomography and mercury 
porosimetry. 
Conclusion reached: 
Perforating damages the rock pore space around a tunnel but does not „crush‟ the rock as previously be-
lieved.  Although porosity and density remain unchanged, the redistribution of pore size causes a reduc-
tion in permeability.  Fines migration may also be involved. 
Comments: 
First experimental analysis performed on the perforation damaged zone which reveals the fact that the 
rock is not crushed.  Although it provides an insight into the mechanism of perforation damage, it does 
not attempt to quantify the perforation damage. 
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SPE 18247 PA(1991) 
SPE Production Engineering, Volume 6, Number 1, Pages 73-82 
 
Semianalytical Productivity Models for Perforated Completions 
 
Authors: Karakas, M.; Tariq, S.M. 
Contribution to the understanding of inflow into perforations in a cased well: 
Karakas and Tariq developed a set of correlations which could be used to calculate the well productivity 
for a casedhole perforated completion.  The correlations are applicable over a wide range of perforating 
and reservoir parameters and are used in most current well performance software. 
Objective of the paper: 
The aim of the study was to develop semi-analytical solutions to the problem of inflow into casedhole 
perforations. 
Methodology used: 
2D and 3D finite element model were used to model the inflow performance of perforations.  Perforation 
skin was decomposed into horizontal and vertical components and the total skin evaluated in terms of a 
number of pseudo skin factors; horizontal, vertical, perforation and wellbore skin.  A large number of 
simulations were run using an accurate 2D model and a limited number of cases using a fully 3D model.  
A large databank of results was recorded and the correlations established across a range of perforation 
and reservoir parameters.  The correlations were verified by comparing them to finite element simula-
tions. 
Conclusion reached: 
New solutions have been developed for combining the effects of drilling damage, perforation damage and 
geometry and reservoir anisotropy.  They are simple to use and accurate over a wide range of parameters.   
Comments: 
The correlations are easy to use.  The accuracy of the correlations is only valid for simple and ideal reser-
voir conditions.  Additional solutions need to be included for well deviation, bedding dip and partial 
penetration effects. 
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SPE 24771-MS (1992) 
 
X-Ray CT Observations of Flow Distribution in a Shaped-Charge Perforation 
 
Authors: Halleck, P.M., Atwood, D.C. and Black, A.D. 
Contribution to the understanding of inflow into perforations in a cased well: 
Experimental results concluded that the largest fraction of flow enters at the tip of the perforation tunnel 
in a radial laboratory flow test.  Contributed to the understanding of the development of the perforation 
damage zone and how it affects the flow geometry. 
Objective of the paper: 
The aim of the study was to produce a set of experimental results that would aid in the understanding of 
the flow geometry in laboratory cores.  The results would allow future work to include the perforation 
damaged zone geometry and permeability distribution. 
Methodology used: 
Radial flow laboratory targets were perforated, flowed and x-ray CT technology used to track the fraction 
of flow along the perforation tunnel.  Odourless mineral spirit was displaced with a fluid of different den-
sity so the variation in flow can be traced from one scan to the next.  Berea cores were used and overbur-
den pressure applied to the rock. 
Conclusion reached: 
Flow is greatest at the tip of the perforation tunnel in this radial flow test.  This observation is said to be 
understandable given that the greatest reduction in permeability in the crushed zone is expected at the 
base where the jet velocity is at its highest and most damaging.  It was also concluded that tunnel clean-
up near the tip was very important due to the high fraction of flow from this region. 
Comments: 
Experiments did not seem to be repeated on a number of other similar Berea cores to get a statistical av-
erage of the results. 
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SPE 73760-MS (2002) 
 
Advances in Well Completion Design:  A New 3D Finite-Element Wellbore Inflow Model for Optimiz-
ing Performance of Perforated Completions 
 
Authors: Ansah, J., Proett, M.A. and Soliman, M. 
Contribution to the understanding of inflow into perforations in a cased well: 
Ansah et al. modelled the actual perforation geometry rather than assuming a cylindrical or wedge shaped 
perforation.   
Objective of the paper: 
The aim of the study was to build a more accurate fully 3D finite element model which contains more a 
representative perforation tunnel geometry.  The impact of reservoir, perforation parameters and well ge-
ometry on well productivity would be examined using this new model.   
Methodology used: 
A fully 3D finite element model, including more accurate perforation geometry, was constructed.  Sensi-
tivity was carried out on the reservoir radius and height (a finite thickness reservoir was modelled).   
Conclusion reached: 
Perforation tunnel geometry is important especially in the case of highly anisotropic reservoirs.   
Comments: 
No plots in the paper indicate that the modelling of a perforation with a tapered tip shows a significant 
difference from a cylindrical perforation tunnel used in previous models. 
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SPE 94245-MS (2005) 
 
Post-Perforation Flow Models for API Recommended Practices 19B 
 
Authors: Roostapour, A. and Yildiz, T. 
Contribution to the understanding of inflow into perforations in a cased well: 
Roostapour and Yildiz highlighted the importance of knowing the post-perforation flow geometry and the 
crushed zone permeability distribution along the length of the perforation.  Analytical models were de-
veloped to translate core flow efficiency (CFE) to an equivalent perforation skin factor so that it can be 
used in downhole conditions. 
Objective of the paper: 
The aim of the study was to develop a set of analytical solutions to calculate ideal rates for post-
perforation flow geometries.    The solutions would then used to analyse the applicability of the API rec-
ommended core flow tests. 
Methodology used: 
Mathematical and analytical models are used to model three different laboratory geometries; axial, semi-
radial and radial-axial flow.  The boundary conditions for each model are altered to represent the flow 
geometry.  The perforation tunnel was divided into ten segments and the fraction of flow across each 
segments noted.  The flow distribution along the tunnel is recorded for change in crushed zone thickness 
and uniform/non-uniform crushed zone skin for all three laboratory geometries. 
Conclusion reached: 
Regardless of the laboratory geometry and crushed zone distribution, the flow at the tip is always the 
highest.  When the crushed zone skin is highly non-uniform (greatest at the base) all three models show 
the same flow distribution.  It is extremely important to understand the flow geometry at downhole condi-
tions so that the most representative laboratory test can be performed. 
Comments: 
Laboratory geometries were compared to each other but not to the actual downhole case. 
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SPE 82249-PA (2006) 
SPE Reservoir Evaluation & Engineering, Volume 9, Number 1, Pages 61-76 
 
Assessment of Total Skin Factor in Perforated Wells 
 
Authors:  Yildiz, T. 
Contribution to the understanding of inflow into perforations in a cased well: 
This paper is a review of the methods used to calculate perforated well productivity to date.  A simple, 
hybrid model was also suggested to calculate the productivity of deviated wells 
Objective of the paper: 
The objective of the study was to review the available productivity models and compare the results to ex-
perimental analysis.  A secondary aim was to propose a new analytical model to calculate inflow into de-
viated wells. 
Methodology used: 
A 3D semi-analytical method, commercial software and Karakas and Tariq correlations are compared to 
experimental data for a range of parameters and perforation/well designs.  The new deviated well model 
is also compared to the available calculation methods in order to assess its accuracy. 
Conclusion reached: 
The paper concludes that McLeod method does not compare well with experimental results and that the 
Karakas and Tariq correlations “do not work” when both drilling damage and perforation damage are 
present.  The study also concludes that commercial software (SPAN 6.11) and Karakas and Tariq solu-
tions generate results that deviate from experimental analysis when the perforations terminate inside the 
damaged zone.  A simple model is also proposed to calculate total skin horizontal perforated wells. 
Comments: 
The proposed hybrid model seems to have the same form as the Karakas and Tariq model when back-
substitution is performed.  Experimental results that are referenced in this paper have not been published 
and are not readily available to other users.  Therefore, it is not possible to reproduce the data, study the 
methods or assess the accuracy of the experiments. 
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SPE 128021-MS (2010) 
 
Two-Dimensional Analytical Solution of Ideal Perforation Flow 
 
Authors: Li, B., Gladkikh, M. and Wu, J. 
Contribution to the understanding of inflow into perforations in a cased well: 
This study presents a semi-analytical method to calculate flow into single-shot core flow tests in order to 
save computation time.  The co-dependency of perforating and reservoir parameters and their effect on 
productivity was examined. 
Objective of the paper: 
The aim of this work was to develop a semi-analytical solution to flow into a core for an ideal perfora-
tion. 
Methodology used: 
2D analytical solutions were developed and implemented using Matlab to check for convergence issues.  
The solutions were verified using finite element simulator software.  The solutions were used to identify 
important parameters and their influence on ideal flow rates in core targets.  The co-dependency of cer-
tain parameters was also examined. 
Conclusion reached: 
The analytical solutions are reasonably accurate and have a computational cost of seconds.  Permeability, 
anisotropy and penetration depth are important parameters affecting the ideal flow rate in laboratory 
cores. 
Comments: 
Most 2D numerical codes for flow into laboratory cores take less than a minute to run.  However, accu-
rate analytical solutions provide a good alternative to purchase of commercial software. 
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APPENDIX B CRITICAL MILESTONES  
 
Table B1:  Critical milestones in the study of the productivity of cased hole perforated completions 
 
SPE Paper n
o
 Year Title Authors Contribution 
943175-G 1943 “The Effect of Casing Perforations 
on Well Productivity”  
Muskat, M. The first analytical approach to investigate the 
effects of casing perforations on the productiv-
ity of wells. 
950309-G 1950 “The Effect on Well Productivity of 
Formation Penetration Beyond Per-
forated Casing” 
 
McDowell, J.M. and 
Muskat, M. 
First set of experimental tests that include 
perforations that extend beyond the casing.  
The effects of perforation geometry, depth of 
penetration and perforation radius are studied 
in more detail than previously.   
1236-PA 1966 “The Effect of Perforating Oil Well 
Productivity” 
Harris, M.H. The first to use finite-difference modelling to 
study the productivity of perforated cased-hole 
wells.   
3444-PA 1972 “Laboratory Flow Characteristics Of 
Gun Perforations” 
Bell, W.T., Brieger, 
E.F and Harrigan, 
J.W. 
The first to question and recognise that the 
API single shot core flow test procedure, at 
the time, did not fully represent the flow in the 
case of downhole perforations.   
4654-PA 1974 “Effect of Perforation Damage on 
Well Productivity” 
Klotz, J.A.,  Krueger, 
R.F. and Pye, D.S. 
Klotz et al. were the first to conduct a thor-
ough investigation into the productivity of 
casedhole perforated completions using a 
finite element method.  The model included 
both drilling and perforation damage.   
8804-PA 1981 “An Advanced Method for Predicting 
the Productivity Ratio of a Perforated 
Well” 
Locke, S. Locke used finite element methods to model 
the fully 3D problem of flow into perforations.  
A nomogrraph was developed from the simu-
lations. 
 
12781-PA 1987 “Evaluation of Flow Characteristics 
of Perforations Including Nonlinear 
Effects With the Finite-Element 
Method” 
Tariq, S.M. First to look at grid sensitivity and the influ-
ence on the accuracy of the results.  The 
impact of non-Darcy effects was also exam-
ined and found to cause a considerable re-
duction in well productivity.   
16896-PA 1989 “Linear and Radial Flow Targets for 
Characterising Downhole Flow in 
Perforations” 
Deo, M., Tariq, S.M. 
and Halleck, P.M. 
Improved the industry’s understanding of the 
flow geometry into real perforations and high-
lighted the differences between laboratory 
tests and the downhole case. 
Three-Dimensional Reservoir Inflow Modelling using Computational Fluid Dynamics 35 
 
SPE Paper n
o
 Year Title Authors Contribution 
18247-PA 1991 “Semianalytical Productivity Models 
for Perforated Completions” 
Karakas, M. and  
Tariq, S.M. 
Proposed an accurate, simple set of semi-
analytical solutions to estimate the skin in 
perforated completions.  The correlations are 
now used in most well performance software. 
51048-MS 1998 “Modelling of Well Productivity in 
Perforated Completions” 
Dogulu, Y.S. Allowed for more flexibility in modelling reser-
voir characteristics and wellbore location in 
reservoir.  Also concluded that there was no 
appreciable difference between the productiv-
ity results for an eccentred and centred gun. 
73760-MS 2002 “Advances in Well Completion De-
sign: A New 3D Finite-Element Well-
bore Inflow Model for Optimizing 
Performance of Perforated Comple-
tions” 
Ansah, J., Proett, 
M.A., Soliman, M. 
 
First to model actual perforation geometry 
rather than wedge or cylindrical shape 
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APPENDIX C MODEL GENERATION AND VERIFICATION 
 
Computer simulations are run on a SGI Altix computer cluster (Figure C1).  The cluster comprises of eight compute nodes, 
each with four processors with 2Gb RAM. This provides a total of 64Gb of RAM.  The maximum model size of 13 million 
cells is run across 8 processors and completion time is approximately 1 hour. 
 
 
Figure C1:  SGI Altix computer cluster used for CFD simulations 
 
Mesh contruction is carried out using commercial software Gambit v2.4.6.  Three main types of models are used throughout 
the study: 
1. A simple model where the user can only alter the perforation geometry and reservoir parameters 
2. An updated model which includes a crushed zone around the perforation tunnels.  The crushed zone was divided into four 
segments in order to be able to analyse flow distribution along the tunnel.  This model is only available for 6spf, 60° phas-
ing peforations. 
3. A full model which includes a drilling damage zone, perforation crushed zone.  The user is able to change all perforation 
and reservoir parameters using this model.  This model does not allow for examination of fraction of flow along the tunnel 
length. 
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Tetrahedral meshing is chosen to reduce the model contruction time.  Mesh refinement takes place around the crushed zone 
and at the tips of the perforation tunnels.  Figures C2 and C3 illustrate the geoemetry, size and distribution of elements being 
used.
 
 
 
 
 
Figure C2:  Top view of reservoir model showing tetrahedral 
mesh refinement near perforation tunnels at centre. 
Figure C3:  Magnified top view of perforation tunnel with mesh 
refinement around the tunnel and at the tip. 
 
Mesh properties are also analysed to ensure the mesh is of sufficient quality prior to calculating a solution.  Cell equi-angle 
skew should be less than 0.8 with the average of the overall mesh being less than 0.33.  The recommended maximum aspect 
ratio for tetrahedral meshes is 4:1.  Table C1 gives example of the mesh properties for a number of models with a different 
mesh construction.  The list is not exhaustive but does highlight that the number of cells with equi-angle skew greater than 0.8 
is negligible compared to the total number of cells in each model.  The aspect ratio for each model is less than 4:1.  The aver-
age model size is between 2 and 4 million cells with a maximum model size of 13 million cells.  
  
Table C1:  Example of model size and mesh quality for a selected number of models 
 
Model Description Shot Density Phasing(°) Lp (“) #cells > 0.8 # cells 
Basic model, no crushed zone 6 60 30 25 3.43E+06 
Basic model, no crushed zone 12 45/135 30 43 3.58E+06 
Basic model, no crushed zone 5 0/360 30 5 6.43E+05 
Basic model, no crushed zone 4 180 30 0 4.59E+05 
PEBDZ 6 60 10 3 4.07E+06 
Start size = 0.5 x crushed zone thickness 6 60 10 29 4.15E+06 
Start size = 0.33 x crushed zone thickness 6 60 10 25 7.63E+06 
Start size = 0.25 x crushed zone thickness 6 60 10 60 1.31E+07 
Eccentred Gun Model 6 60 15.71 4 1.22E+07 
 
When the mesh has been examined, it is then imported into a pressure based solver.  A commercial unstructured solver, 
ANSYS FLUENT v12.1.4, is used to solve continuity and momentum equations across the domain.  Figure C4 outlines the 
workflow involved in the process. 
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Figure C4:  Workflow for using commercial CFD solver to calculate volumetric flow rate in perforation system 
 
View pressure and velocity contours across domain.  
Ensure no boundary effects.  Note results.
Mesh imported into ANSYS FLUENT
Re-ordering of domain using reverse Cuthill-McKee method to 
assign an order to cells, faces and grid points in the mesh and 
reduce the bandwidth of the matrix
Define scale, units, material (reservoir fluid) properties and assign 
a resistance (inverse of permeability) to each domain i.e
reservoir, drilling damaged zone, crushed zone
Define boundary conditions
Set convergence criterion and monitor residuals
Write volumetric flow rate to output file
Set number of iterations
Write volumetric flow rate to output file
Write case and data to output files
Create 3D model in GAMBIT
Mesh model geometry with tetrahedral cells with a start size of 
half the thickness of the crushed zone, a growth rate of 1.07 and 
a maximum size of 1
Is mesh of sufficient quality to 
proceed with CFD solver?
Examine mesh for cell squish, cell equi-angle skew and aspect 
ratio:
Cell squish<0.99
Cell skew<0.8, average<0.33
Vary meshing techniques until mesh 
quality is acceptable
Is the convergence criterion 
met?  Has the flow rate 
converged?  
No
Yes
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When the workflow for the CFD solver has been completed and a volumetric flow rate calculated, the effect of reservoir 
radius on the solution is then investigated.  Rather than accepting the general rule of previous studies that the reservoir radius 
should be 30 or 60 times the wellbore radius, an investigation was conducted for each perforation design.  It was found that the 
required reservoir radius was a function of the perforation shot density, phasing, penetration depth, wellbore radius and reser-
voir anisotropy.  The reservoir radius was increased for each case until there was less than a 1% change in the resultant skin 
factor.  Figures C5-C8 show the determination of model outer radius for isotropic reservoirs. 
 
  
Figure C5:  Determination of outer model size for 4spf, 
180°phasing perforations where Lp=30” in an isotropic reser-
voir.rw=3.5”, re=10ft 
 
Figure C6:  Determination of outer model size for 6spf, 
60°phasing perforations where Lp=30” in an isotropic reser-
voir.rw=3.5”, re=6ft 
 
 
  
Figure C7:  Determination of outer model size for 5spf, 
0°phasing perforations where Lp=30” in an isotropic reser-
voir.rw=3.5”, re=20ft 
Figure C8:  Determination of outer model size for 12spf, 
135°phasing perforations where Lp=30” in an isotropic reser-
voir.rw=3.5”, re=4ft 
 
A similar study was carried out on individual cases for anisotropic reservoirs along with mesh sensitivity studies to ensure the 
accuracy of the results. 
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APPENDIX D SIMULATIONS AND RESULTS 
Although the combination of systems modelled was not exhaustive, a sufficient number of simulations were run to be able to 
compare the results to the semi-analytical solutions.  Table D1 shows which parameters were modelled or changed similatane-
ously.  „1‟ indicates that the parameter was changed and „-‟ that it was left unchanged.  Unless otherwise stated, the shot den-
sity and phasing are 6spf and 60° respectively.  A constant value for wellbore radius, rw, of 3.5” and reservoir horizontal per-
meability, kH, of 100mD are also used unless otherwise stated. 
 
Table D1:  Permutations of perforation and reservoir parameters modelled 
 
Shot Density Phasing(°) Lp (“) kpd Ldd kd kV 
1 - - - - - - 
- 1 - - - - - 
- - 1 - - - - 
1 1 - - - - - 
1 1 1 - - - - 
1 1 - - - - 1 
- - - 1 - - - 
- - - - 1 - - 
- - - - - 1 - 
- - - 1 - 1 - 
- - - 1 1 1 - 
- - - 1 - - 1 
- - - 1 1 1 1 
A set of supplementary plots of the simulation results can be found on the following pages. 
 
  
Figure D1:  Comparison of numerical and semi-analytical results 
for a range of perforating systems 
 
Figure D2: Comparison of numerical and semi-analytical results 
for a 6spf, 60° phasing system with a range of crushed zone 
permeability 
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Figure D3:  Comparison of numerical and semi-analytical re-
sults for 6spf, 60° phasing system for a range of reservoir and 
crushed zone permeability 
 
Figure D4:  Comparison of numerical and semi-analytical results 
for 2 perforation systems with a range of reservoir permeability 
ratios and no drilling or perforation damage. 
  
Figure D5:  Comparison of the change in total productivity index 
for laboratory and a downhole geometry of 6spf, 60° phasing 
when segments of the crushed zone are changed from 100mD 
to 10mD one section at a time 
Figure D6:  Comparison of the percentage reduction in produc-
tivity index for laboratory and downhole geometry of 6spf, 60° 
phasing when segments of the crushed zone are changed from 
100mD to 10mD one section at a time 
  
Figure D7:  Comparison of the percentage reduction in produc-
tivity index for laboratory and downhole geometry of 6spf, 60° 
phasing when segments of the crushed zone are changed from 
100mD to 90mD one section at a time 
Figure D8:  Comparison of the effect of reservoir anisotropy 
and perforation damage on the productivity ratio of openhole, 
openhole perforated and casedhole perforated completions 
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The following section contains pressure contour plots and pathline plots which complement the data presented in the main part 
of the report. 
 
 
 
 
 
Figure D9:  Top down view of pathlines produced by particles 
being released parallel to perforation tunnels in the case of an 
anisotropic reservoir kV/kH=0.1.  The perforation design is identi-
cal to isotropic case in Figure  15.  Inset shows spiral nature of 
perforation design of 6spf, 60° phasing. 
 
Figure D10: Pressure contour plots of casedhole (top) and 
openhole (bottom) perforations in an anisotropic reservoir 
(kV/kH=0.1) 
 
 
 
 
 
 
Figure D11:  Pressure contour plots for axial (top), radial-axial 
(second from top), 12spf 60° phasing (third from top) and 2spf 
60° phasing (bottom) for an isotropic reservoir without a crushed 
zone or drilling damage 
Figure D12:  Pressure contour plots plots for axial (top), radial-
axial (second from top), 12spf 60° phasing (third from top) and 
2spf 60° phasing (bottom) for an isotropic reservoir with a 10mD, 
0.25” thick crushed zone and no drilling damage. 
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